The content of the sesquiterpenoids, juvenile hormones (JH), JH-I, JH-II, JH-III and Vitamin E (α-, β-, γ-and δ-Tocopherols) was investigated in mated and unmated adult Cecropia silkworms, Hyalophora cecropia (Linnaeus, 1758), using combined chromatography/mass spectrometry methods. The relatively most abundant derivative of Vitamin E was α-tocopherol, the highest concentrations of which were found in the fat body of unmated males (30 ng/organ), and which was substantially decreased after mating. Conversely, the content of α-tocopherol increased more than twice in female abdomens after mating. This suggests that Vitamin E was transferred from the male to the female reproductive systems during courtship. Chromatographic analysis of extracts prepared from female abdomens, male fat bodies, and male reproductive organs revealed that separate fractions of Vitamin E (α-tocopherol, β-+ γ-tocopherols and δ-tocopherol) were evenly distributed in quantitative proportions of 18400 : 550 : 100, respectively. These results suggest that sesquiterpenoid derivatives of Vitamin E play important functions in insect reproduction, in analogy with similar functions of Vitamin E during reproduction of vertebrate animals.
. Schematic diagram of hormonal theory of insect metamorphosis, proposed more than 50 years ago by Gilbert (1958, 1964) after modification of Wigglesworth (1957) model based on the juvenile hormone theory of Piepho. The larval, pupal or adult developmental programme was determined in each epidermal cell by the respectively large, medium or zero concentrations of juvenile hormone. The moult cycles were stimulated by the moulting hormone released from the prothoracic glands in response to brain hormone. Reproduced from Sláma (2013) , with permission from Brill Publishers, Leiden, The Netherlands.
The first JH-active molecule with a determined chemical structure was the sesquiterpenoid alcohol farnesol, isolated from the lipid extracts of yeast and excrements of the beetle Tenebrio molitor Linnaeus, 1758 (Coleoptera: Tenebrionidae) (Karlson and Schmialek, 1959; Schmialek, 1961) . This finding immediately attracted the attention of biologists and chemists to the field of isoprenoids. Schmialek (1963) also analysed the lipid extracts of Cecropia and identified the JH-active compound as 3,7,11-trimethyl-2,6,10-tridecatrien-1-ol, which co-chromatographed with farnesol. Later, Röller and Bjerke (1965) and Röller et al. (1967) purified the lipid extracts of Cecropia and identified the most active compound as methyl 10,11-epoxy, 7-ethyl-3,11-dimethyl-2,6-tridecadienoate (Röller et al., 1967 (Röller et al., , 1969 , which became generally known as JH-I. The related JH-active compound, di-homofarnesoate, also found in the lipid extracts of Cecropia, became known as JH-II (Meyer et al., 1965 (Meyer et al., , 1968 .
The presence of JH-I in relatively large, male accessory sexual (colleterial) glands (Meyer et al., 1968; Shirk et al., 1976) and its virtual absence in females or males of other species represented a great puzzle for biochemists investigating the biosynthesis of JH-I. In agreement with Williams (1963) , everybody believed that JH-I should be at first synthetised in the corpus allatum, then released into haemolymph and absorbed by different tissues and organs. According to extensive biochemical studies, the hormone was released from the corpus allatum in the form of the biologically inactive homofarnesoic acid, which was esterified and converted into the less polar and biologically active methyl ester, JH-I, in different tissues and organs (Peter et al., 1979 (Peter et al., , 1981 Shirk et al., 1983; Goodman and Granger, 2005) . These conclusions were supported by extensive biochemical studies which confirmed in vitro esterification of farnesoic acid by JH-specific O-methyltransferase enzymes (reviewed by Tobe and Stay, 1985; Hui et al., 2013) .
A direct proof that JH-I is indeed the true corpus allatum hormone of H. cecropia does not exist. The conclusion depends mostly on a brief statement of Rőller and Dahm (1970) , who cultivated corpora allata in vitro and found JH-I in the medium. Later on, when relatively large depots of JH-I were found in the male accessory sexual glands (Meyer et al., 1968; Shirk et al., 1976; Peter et al., 1981) , the identity problem was solved by tentative biosynthesis of the sesquiterpenoid JH-precursor (JH-acid) in the corpus allatum, followed by its metabolism and accumulation in the accessory sexual glands. This biochemical explanation was, however, in serious conflict with the general rules of endocrinology, according to which animal hormone is never released from endocrine glands in inactive form and never accumulates or makes a depot in the peripheral target tissues (Hanc, 1959) . The more recent suggestions about simultaneous biosynthesis of JH-I in both the corpus allatum and peripheral target tissues, such as occurs in male accessory sexual glands (De Loof et al., 2013 , 2014 , is also in conflict with general endocrinological knowledge.
In 1961, endocrinologists investigating the effects of implanted corpus allatum (Novák, and Červenková, 1959; Sláma, 1961) compared the action of farnesol and the lipid extracts from Cecropia with the effects of the transplanted corpora allata. It appeared that the assays used for testing JH activity were largely nonspecific or could be completely false, because a number of trivial lipids, such as free fatty acids and fatty alcohols, exhibited the false "pseudojuvenilizing" or "JH-mimetic" effects (Sláma, 1961 (Sláma, , 1962 . Endocrinological arguments that the lipid extracts of Cecropia need not contain the true corpus allatum hormone (Sláma, 1962; Novák, 1966) were supported by evidence showing that the corpora allata of insects never secreted their hormone in a nonfeeding insect stage (reviewed by Pflugfelder, 1958; Novák, 1976) . This fact is confirmed by the findings of Yamashita et al. (1961) and Banno and Akai (1988) , who found that corpora allata of adult silkworms were virtually inactive.
After 1980, endocrinological aspects of JH research moved into the fields of biochemistry, molecular biology and industrial research directed to novel JH analogues used in insect control (reviewed by Sláma, 1985 Sláma, , 1999 Sláma et al., 1974) . The total number of terpenoid or nonterpenic mimics of JH was estimated to more than 4000 compounds, some of which were million-fold more effective than JH-I (reviewed by Sláma, 1999) . The relatively low hormonal activity of the sesquiterpenoid JH-I increased previous endocrinological doubts about identity of JH-I with the corpus allatum hormone (Sláma, 1961 (Sláma, , 1962 Novák, 1966) .
In this work we have reinvestigated the endocrine status of JH-I, hoping to resolve the physiological role of JH-I in the reproductive system of Hyalophora cecropia. In the previous study (Jedlička et al., 2009) , we found production of acyl glycerols and Vitamin E in the female accessory sexual glands of the European fire bug, Pyrrhocoris apterus (Linnaeus, 1758) (Hemiptera: Pyrrhocoridae). These specifically female exocrine glands, whose growth and development is controlled by the hormone of the corpus allatum, produce Vitamin E with sesquiterpenoid side chains, exhibiting important antioxidant, antimicrobial, sperm protecting and fertilisation enhancing functions (Jedlička, 2011) . After allatectomy, the females contained rudimentary ovaries and accessory sexual glands without sesquiterpenoid and other excretory products (Jedlička et al., 2009 ). The formation of sesquiterpenoid Vitamin E in female exocrine sexual glands of Pyrrhocoris apterus (Jedlička et al., 2009 ) provided strong presumptive evidence that the sesquiterpenoid JH-I, found in the male accessory sexual glands of taxonomically unrelated Hyalophora cecropia (Meyer et al., 1965; Shirk et al., 1976 Shirk et al., , 1981 Peter et al., 1981) , could serve similar antioxidant or sperm protecting physiological functions. These calculations prompted us to reinvestigate the distribution and role of Vitamin E and JH-I in reproductive organs of adult Cecropia silkworms. The results are briefly described below.
Methods
Adult males and females Hyalophora were obtained from diapausing pupae purchased from the dealers. After the obligatory period of pupal chilling at 5°C, the adults were allowed to eclose at room temperature. Unfortunately, the amount of successfully eclosed moths was reduced to 4 males and 6 females, which were separated into two equal groups of mated and unmated specimens. We are aware of the limited number of experimental specimens. However, due to the relatively large qualitative differences between the results of individual experimental groups and due to general importance of the results, we describe the preliminary data here to avoid further delay. The male reproductive organs [testes, vas deferens, ejaculatory ducts, accessory sexual (colleterial) glands] were dissected 3 days after adult eclosion in insect Ringer solution, using conventional dissection methods. Due to fragility of the adult fat body, the samples of male fat body were removed together with the occluded haemolymph (estimated approximately to 25% on v/v basis). The dissected organs of the males were homogenized in 3 ml of chloroform : methanol mixture (1 : 2 v/v). Female abdomens were isolated from previously anaesthetized specimens. Mated females were sacrificed before initiation of egg laying. Female abdomens were cut into smaller pieces and extracted in 6 ml of the above indicated solvent mixture for 3 days, followed by centrifugation for 5 min at 10 000 g.
The extracts were evaporated on the Speed-Vac centrifuge, redissolved in 1 ml of 30% methanol and then pre-purified on SPE columns (Oasis HLB, Waters Co., USA.). The columns were conditioned with 1 ml of methanol, according to the recommendation of the producer, followed with 1 ml of 30% methanol. After application of the sample, chromatographic columns were washed with 1 ml of 30% methanol and the analytes were eluted with 100% methanol. The eluate was dried on the Speed-Vac centrifuge and redissolved in the mobile phase used for analysis in the liquid chromatography-mass spectrometry method (20% MeOH, 3% acetonitrile (MeCN) in water buffered with 5mM ammonium formate).
Chemical analyses were made on LTQ quadrupole linear ion trap mass spectrometer (Thermo Electron Corp., USA) in APCI mode. Positive APCI spectra were recorded using 5 mA discharge current, 350 °C vaporizer temperature and 250°C capillary temperature. The extraction method, UPLC and MS/MS conditions were compatible with analysis of the tocopherols as well as JH-I to JH-III in a single run. Specification of the chromatographic conditions: UPLC column Hypersil Gold, 100 x 2.1 mm, 1.9 mm; gradient 20 -30% MeOH and 3 -8% MeCN (0 -8 min), gradient 30 -40% MeOH and 8 -15% MeCN (8 -12min), followed by isocratic (13 -15.5 min) performance in water buffered with 5mM ammonium formate.
The mass spectrometric data were acquired through the following MRM transitions: JH III (267235), JH II (281249), JH I (295263), tocopherol (403137), and tocopherolsand tocopherol 431165, see Table 1 below). Specific product ions were monitored, resulting from precursor ions selected according to their characteristic mass-to-charge ratio and retention time. Methods used for chromatography/mass spectrometry analysis of Vitamin E and JH-I in a single run were elaborated as part of the postdoctoral dissertation work of J. Paroulek. The values determined for the content of Vitamin E complex and JH-I to JH-III in Figures 1 to 5 were obtained by integration of the chromatographic peaks, using Xcalibur software supplied with the mass spectrometer. The final values were derived from the peaks obtained with the respective external standards. The contents were calculated and expressed per individual organ of the male reproductive system or isolated female abdomen. The amount of tissue in the male reproductive organs was determined by the size of the respective organs. The male fat body, which was contaminated with approximately 25% of haemolymph, was dissected in the amounts approximately equivalent to one third of the total fat body. The identities of analytes on the chromatograms were confirmed by the respective peaks of the internal standards at the level of 2 ng per sample.
Due to the limited availability of the rare experimental specimens, we present the data in the form of simple average values. The results are based on chromatographic analysis of extracts prepared from reproductive organs dissected from 2 mated and 2 unmated adult males, plus extracts prepared from isolated abdomens of 3 mated and 3 unmated females. Results obtained with two or three equivalent samples of each group were surprisingly similar and, therefore, we give only an average value for each experimental group.
Results

Development of the standardized chromatographic conditions
Due to its relatively high sensitivity, we used routine analysis of JH-active compounds developed in our laboratory, although it did not allow us reliable separation of β-and γ-tocopherols by chromatography or molecular mass. For this reason, we show both these compounds in one chromatographic peak, without being able to specify whether there was only β-or γ-tocopherol or both. Positions of the investigated peaks and their retention times given in Table 1 and Figures 2 and 3, document that the described method can be conveniently used for separation of both JH-related compounds and tocopherols in a single chromatographic run. Figure 2 shows exact positions of the respective chromatographic peaks produced by 2ng samples of the pure chromatographic standards. Figure 3 provides a practical example of the chromatographic separation of JH-I, JH-II and JH-III and α-, β-, γ-and σ-tocopherols found in the extract prepared from abdomens of mated females of H. cecropia. The actual concentrations and sizes of the chromatographic peaks can be derived from the respective scales of the separate chromatograms, which were adjusted to fit the size of each peak. For example, the peak of α-tocopherol corresponds to a scale of 0 -18000, while the peak of σ-tocopherol has been displaced on a much smaller scale of 0 to 100 units. Similarly, the peak of JH-I corresponds to a scale of 0 -1000 units, whereas the peak of JH-III is barely visible on the 0 to 150 unit scale. The results in Figure 3 show that the most abundant JH-active compound extracted from the abdomens of the mated females was the epoxyhomofarnesoate ester (JH-I) and the most abundant derivative of Vitamin E in the mated females was α-tocopherol.
The content of JH-II in the mated females ( Figure 3 ) was profoundly smaller in comparison with the content of JH-I, while JH-III was almost absent or occurred near the lower detection limit (upper left record in Figure 3 ). Relative abundance of JH-active compounds, calculated from the chromatographic data obtained with the extracts from three abdomens of the mated females, plus data obtained from reproductive organs of four adult males, revealed proportions of JH-I: JH-II: JH-III equivalent to 64000 : 100 : 20, respectively. Thus, because the content of JH-active compounds other than JH-I was so small and in the case of JH-III variable, we refrain from presenting special graphs for JH-II and JH-III here.
The relative abundance of individual tocopherol fractions, calculated from the data obtained with pooled extracts of six female abdomens and four male reproductive organs, revealed proportions of α-tocopherol, to β+γ-tocopherols, to δ-tocopherol equal to 18400 : 550 : 100, respectively. Abdomens of virgin females contained the sesquiterpenoid tocopherols but virtualy no JH-active compounds, suggesting that all JH-I found in the mated females was supplied by ejaculate from the males. 
The content of Vitamin E in adult males and females of H. cecropia
The results of our chromatographic analysis of α-tocopherol, which was the most abundant derivative of Vitamin E, are shown in Figure 4 . The presence of α-tocopherol and other investigated forms of Vitamin E (see below) in the abdomens of virgin females suggests two possibilities related to the origin or biosynthesis of Vitamin E in H. cecropia: a) Vitamin E was received earlier with larval food and was stored in the body during the whole period of metamorphosis until its final utilisation in the reproducing adult stage, or; b) Vitamin E could be synthesized de novo from the pool of isoprenoid compounds during later periods of metamorphosis and adulthood. These alternatives may also apply to the content of Vitamin E in the fat body and reproductive organs of adult males (Figure 4) . The greatest amount of α-tocopherol was located in the fat body of unmated males (30 ng). We cannot exclude a possibility, however, that α-tocopherol was also present in the haemolymph, due to haemolymph contamination of the male fat body. Curiously enough, the content of α-tocopherol in the male fat body and haemolymph fraction decreased to almost one third of its original value (10 ng) after the mating (Figure 4 ). This suggests that the resources of α-tocopherol in the fat body or haemolymh could be utilised and transferred into the female body during courtship. This view is supported in Figure 3 by an increased content of α-tocopherol in the abdomens of mated females. The results of our chromatographic analysis in Figure 4 indicate the presence of α-tocopherol in all parts of the male reproductive system. The content decreased after mating, except for the relatively high content of α-tocopherol in the testes and vas deferens, for which we have no reasonable explanation so far.
We find extensive information about the general importance of Vitamin E for animal reproduction, which is usually ascribed to its antioxidant properties in the literature. We have already mentioned that various sesquiterpenoid compounds related to α-tocopherol can be regularly obtained from plant food (phytyl side chains of chlorophyll). The nonfeeding adult stages of Cecropia moths emerge with fully developed ovaries, testes, ejaculatory ducts containing spermatozoids, and fully formed accessory sexual glands. Therefore, the entire adult reproductive sytem develops long before the adult emergence, during the nonfeeding pupal stage.
The described chromatographic analysis of α-tocopherol was accompanied by corresponding analysis of the β-and γ-tocopherols and the less abundant δ-tocopherol. The relative contents of β-and γ-tocopherols were substantially smaller in comparison with the content of α-tocopherol shown in Figure 4 . In spite of the quantitative difference, however, Figure 4 shows that the β-and γ-tocopherol fraction revealed a similar distribution in the male and female samples of H. cecropia as shown for α-tocopherol in Figure 3 . In accordance with the data found for α-tocopherol, the largest concentrations of β-and γ-tocopherols (0.5 ng/organ) were also found in the male fat body ( Figure 5 ). We thus have good reason to assume that physiological processes associated with storage, accumulation, or utilisation of different derivatives of the Vitamin E complex most likely follow a similar biochemical route.
The above statements related to α-and β+γ-tocopherols may be true for the content and distribution of δ-tocopherol, which was present in relatively small and variable amounts (Figure 3 for comparison) . When related to the most abundant α-tocopherol, for example, the average contents of β-and γ-tocopherols, calculated the on basis of pooled data obtained from all investigated samples, were 2.96% , while the content of δ-tocopherol in these calculations was less than 0.5 %. It has to be added, finally, that the results in Figures 2 to 5 were related only to the tocopherol series of the Vitamin E complex, which is characterised by the saturated sesquiterpenoid side chains. The structurally related series of sesquiterpenoid tocotrienols, containing the unsaturated 2,6,10-trienoic sesquiterpenoid side chains (related closely to JH-I) were investigated only qualitatively due to a lack of pure chromatographic standards. Figure 5 . The content of β-and γ-tocopherols in extracts prepared from isolated female abdomens and reproductive organs of the adult males of H. cecropia, sacrificed 3 days after adult emergence, before and after mating.
The amounts of JH-related (JH-I, JH-II and JH-III) in adult moths of H. cecropia
The results of our chromatographic analysis of the sesquiteropenoid, JHactive compounds (Figure 6 ) revealed important physiological features related to the nature of JH-I. The main points can be briefly described as follows: 1. JH-I, JH-II and JH-III were completely absent or occurred below detectable limits in the bodies (isolated abdomens) of the virgin females; 2. In contrast to Vitamin E, the JH-active compounds were also completely absent or undetectable in the samples of fat body (containing at least 25% haemolymph) of the mated or unmated adult males; 3. The most profound and actually the exclusive source of JH-I was the accessory sexual (colleterial) glands of the unmated males (50 ng/ organ); 4. The content of JH-I in the colleterial glands substantially diminished (9 ng/ organ) after mating; 5. During successful courtship, substantial amounts of JH-I were translocated from the male colleterial gland into female abdomens, apparently in the form of ejaculate (20 ng/ abdomen); 6. In addition to colleterial glands, other parts of the male reproductive system (testes, vas deferens, ejaculatory ducts) also contained small amounts of JH-I due to their mechanical interconnection with the colleterial glands; 7. JH-I almost completely disappeared from the lumen of vasa deferentia and ejaculatory ducts after mating (Figure 6 ).
The described results show that the sesquiterpenoid, epoxyhomofarnesoate (JH-I), considered for 50 years to be the true hormone of lepidopteran corpus allatum, may be an excretory product of the exocrine colleterial gland. The related sesquiterpenoids,JH-II and JH-III, were also found in the colleterial glands of male Cecropia silkworms, although they occurred in substantially smaller amounts. For example, the colleterial glands of unmated males of Cecropia contained 12-fold less JH-II than JH-I, and the usually most abundant JH-III (methyl 10,11-epoxyfarnesoate), occurred in very small amounts, in most cases under detectable analytical limits. Figure 6 . The content of sesquiterpenoid JH-I (methyl 10,11-epoxy, 7-ethyl, 3,11-dimethyl, 2,6-tridecadienoate) in extracts prepared from isolated female abdomens and reproductive organs of adult male H. cecropia, sacrificed 3 days after adult emergence, before and after mating.
Exact reasons why the male colleterial gland should accumulate isoprenoid excretory products like Vitamin E and produce JH-I, which is absent from fat body and haemolymph, are not known. Dissections (10 years ago) of developing pupae confirmed the previously known literature data that growth and development of the female (ovaries, bursa copulatrix) as well as the male (testes, ejaculatory ducts, colleterial glands) reproductive organs are terminated long before adult emergence, during the earlier period of metamorphosis. This developmental period is characterised in all insect groups by virtual inactivity of the corpora allata and no known action of JH (see discussion). These facts prompted us to conclude, therefore, that the observed exclusive presence of JH-I in the colleterial gland was due to its biosynthesis within the gland, not by its passive transport into the gland from the apparently inactive corpora allata. The statement is in agreement with the virtual absence of JH-I from the male fat body/haemolymph fraction (see Figure 6) .
Physiological reasons for the accumulation of sesquiterpenoid Vitamin E and JH-I in the male ejaculate are not completely clear and require further experimental study. The selective advantages of sesquiterpenoids in insect reproduction can be envisaged in antioxidant properties, prolongation of sperm survival, fertilisation, tanning of egg chorion, antimicrobial properties or prolonged survival of the fertilized eggs (see the references below). Our results suggest that the correct physiological status of the epoxy-homofarnesoate (JH-I) can be determined as the excretory product of the exocrine colleterial gland of male Cecropia silkworms. The exocrine biological nature of JH-I is fundamentally different from the currently reported endocrine status of the corpus allatum hormone. It is obvious that a correct resolution of endocrine (corpus allatum) or exocrine (colleterial gland) origin of JH-I may be important for future progress in insect endocrinology with ±4000 "hormonomimetic" juvenoids (Sláma, 1999 (Sláma, , 2013 .
Discussion
The presence of Vitamin E in adult Cecropia silkworms
The biological importance of Vitamin E is usually ascribed to its role in reproductive functions of humans and other vertebrate animals. The responsible physiological mechanisms are mostly associated with antioxidant properties of Vitamin E and its protective role over the external or internal cellular membranes (reviewed by Brigelius-Flohé and Traber, 1999; Preedy and Watson, 2007) . Recently it has been found, however, that certain derivatives of Vitamin E also play an essential role in regulation of reproductive functions in invertebrates, such as insects (reviewed by Jedlička, 2011) . For example, reproducing adult females of Pyrrhocoris apterus developed relatively large accessory sexual glands (ASG) whose secretions were important for determination of properties of the egg shells and influenced survival of the eggs (Jedlička et al., 2009 ). The ASG of reproducing females grew in size and produced a yellow oily exocrine secretion in response to endogenous hormone secreted by the corpora allata. The secretion contained diacylglycerols of various fatty acids and Vitamin E. Diapausing females with a physiologically inhibited endocrine system or artificially removed sources of JH (allatectomised females), had undeveloped ovaries and small, rudimentary ASG without secretory products. The JH-activated ASG of reproducing females contained predominantly the γ-and δ-tocopherol derivatives of the Vitamin E complex. The frequent association of Vitamin E with reproductive processes in very different groups of animals as are vertebrates and invertebrates, suggests that the assumed antioxidant, antimicrobial or antimutagenic properties of these lipid soluble vitamins with sesquiterpenoid side-chains play an important role in the regulation of reproduction of all animals (Jedlička et al., 2009) .
The dependence of accessory sexual glands on JH, as found in the females of Pyrrhocoris (Jedlička et al., 2009) , was earlier reported from other insect species (Bodenstein and Shaaya, 1968; Shaaya and Bodenstein, 1969; Williams, 1959 Williams, , 1963 Sláma et al., 1974; reviewed by Engelman, 1970) . In all these instances, however, the effects of JH were strictly limited to feeding stages. In contrast to this, colleterial glands of Cecropia males grow and develop in a nonfeeding insect stage, where the involvement of endocrine regulations by corpora allata should not be expected (Pflugfelder, 1958; Novák, 1959 Novák, , 1966 Novák, , 1976 . Some authors assumed that the colleterial glands of nonfeeding Cecropia silkworms, similarly to the ASG of Pyrrhocoris (Sláma et al., 1974; Jedlička et al., 2009) , functioned also under the influence of the hormone from the corpora allata (Meyer et al., 1965) , which is apparently in conflict with the fact that the corpus allatum of insects never secretes the hormone in a nonfeeding stage (Bounhiol, 1938; Novák, 1966; Sláma et al., 1974) . Accordingly, it was previously found that adult silkworms, Bombyx mori (Linnaeus, 1758), had inactive corpora allata, whose removal had no effect on reproductive physiology of this nonfeeding adult stage (Yamashita et al., 1961; Banno and Akai, 1988) . The adult stage of silkworms forms a terminal developmental stage where hormonal regulations by JH are obsolete (reviewed by Hinton, 1951) .
When compared with the female ASG of Pyrrhocoris (Jedlička et al., 2009) , the male colleterial glands of H. cecropia contain a substantially different composition of separate Vitamin E derivatives. Namely, the ASG of Pyrrhocoris contain predominantly γ-and δ-tocopherols, while the colleterial glands of Cecropia (Figures 3 and 4) contain mostly α-tocopherol. We assume that the difference may be related to a substantially different composition of the food. The caterpillars of H. cecropia feed on green leaves of certain fruit trees that are rich in α-tocopherol (Munné-Bosch and Alegre, 1990). On the other hand, the predominating content of γ-and δ-tocopherols in P. apterus may be due to rather high content of these two forms of Vitamin E in their linden seed diet (Košťál et al., 2013) . This shows that the nature of tocopherol derivatives in different insect species can be influenced by the composition of the plant food they consume. Jedlička et al. (2009) mention several examples in which α-tocopherol can be responsible for increased fecundity of adult moths due to stimulation of ovarian growth. The presence of JH-I and α-tocopherol in the ejaculate corresponds well with the frequently reported actions of Vitamin E, i. e. prolongation of sperm survival, stabilization of biomembranes, inhibition of lipid peroxidation, protection of tissues against singlet oxygen and stabilization of ultrastructural formations (Atkinson et al., 2008) . These features prevent oxidative damage of sperm stored in the spermatheca and facilitate egg fertilization. In addition to the described role of tocopherols in insect reproduction, Košťál et al. (2013) recently reported on essential functions of these compounds in the membranes of the fat body cells and thoracic muscle cells of P. apterus adults during the overwintering period.
A possible de novo biosynthesis of Vitamin E in insects is still an unresolved problem. It is generally believed that a common source of Vitamin E in animals is their plant-based diet. In earlier work (Jedlička et al., 2009) , we speculated on possible biosynthesis of the tocopherols in the growing and proliferating ASG , together with the biosynthesis of acylglycerols, which do not occur in the haemolymph, fat body and other visceral organs. This situation is somewhat different with respect to colleterial glands of adult Cecropia, which can probably make use of the relatively large depot of α-tocopherol in male fat body (Figure 4 ). It is possible that similar biochemical transformations can occur also in females, which contain considerable amounts of α-tocopherol before they mate. The present results clearly indicate, however, that the essential sesquiterpenoid compounds (Vitamin E and JH-I) can be substantially augmented after reception of the ejaculate.
The role of sesquiterpenoid JH-I in insect reproduction
The results of our chromatographic analysis in Figure 6 uncovered a new biological status of the sesquiterpenoid JH-I, namely, that it forms (together with the sesquiterpenoid Vitamin E) essential excretory products of the exocrine accessory sexual (colleterial ) glands of the male Cecropia silkmoths. This finding explains the reported absence of JH-activity in lipid extracts made from females, including species in which the lipid extracts of males contained the JHactive materials (Gilbert and Schneiderman, 1958, 1961; Meyer et al., 1965 Meyer et al., , 1968 Rőller and Dahm, 1970; Rőller et al., 1967; Schneiderman and Gilbert, 1964; Schneiderman et al., 1960; Shirk et al., 1976; Sláma, 1971 Sláma, , 1985 Williams, 1959 Williams, , 1960 Williams, , 1963 . The reported presence of JH in the males and not in the females represented a real physiological puzzle because in most cases the hormone produced by corpora allata regulated the reproductive processes predominantly in the feeding female stages, and, but rarely in the males (reviews by Pflugfelder, 1958; Novák, 1966 Novák, , 1976 Engelman, 1970; Sláma et al., 1974) .
The accumulation of JH-active materials in the male colleterial glands of Cecropia was previously observed by several authors (Gilbert and Schneiderman, 1961; Meyer et al., 1965 Meyer et al., , 1968 Shirk et al., 1976; Williams, 1963) . All of them deeply adhered to the original explanation of Williams, who proposed that JH-active material was made in the corpora allata and later transported and deposited in certain tissues of the abdomen (Williams, 1963) . Serious physiological inconsistencies associated with this concept, namely the questions of why only the male and not the female corpora allata should secrete the JH, or what functions the growth hormone could accomplish in the nonfeeding adult male moth. These and other inconsistencies such as, for example, experimental demonstration of virtual inactivity of the corpora allata in adult silkworms (Banno and Akai, 1988; Yamashita et al., 1961) were neglected by biochemists (Devillers, 2013a (Devillers, , 2013b Jindra et al., 2013;  for review see Sláma, 2013) .
Recently, 50 years after elucidation of the JH-I structure (Rőller and Bjerke, 1965; Rőller et al., 1967 Rőller et al., , 1969 , the belief that JH-I is the true corpus allatum hormone is mainly supported by a brief report of Rőller and Dahm (1970) based on in vitro cultivation of corpora allata. The Rőller group presented extensive biochemical data suggesting that the corpora allata released into haemolymph the biologically inactive JH acid, which was then reesterified in the male accessory sexual glands by a SAM dependent methyl transferase into biologically active JH-I ester (Peter et al., 1979; Peter et al., 1981; Shirk et al., 1983) . These biochemical transformations of JH acid by O-methyltransferase and reciprocal hydrolysis of JH-I ester by esterase enzymes have been frequent subjects of numerous review articles (Tobe and Stay, 1985; Goodman and Granger, 2005; Hui et al., 2013) . Unfortunately, insect hormones were treated in the same way as enzymes, without respect to the fact that hormones were still biologically active at concentrations down to 10 -9 M, which is absolutely out of the reach (10 -6 M) of the hydrolytic enzymes (Sláma et al., 1993) . The results of our study cannot directly disprove the tentative possibility that the JH-I would be a true JH of the corpus allatum. We are convinced, however, that this axiomatic belief is highly improbable. Endocrinological reasons for this statement can be summarised into the following points: 1.Virgin females of Cecropia moths contain corpora allata of similar anatomical structure to those of the males, albeit there is no JH-I in their bodies; 2. JH-I has been encountered only in the male colleterial glands and the associated male reproductive system, not in the fat body and haemolymph; 3. Colleterial glands are exocrine glands producing excretory products into the lumen of the gland; in Cecropia they develop and produce JH-I during metamorphosis, when the corpora allata of all insects are inactive; 4. JH-I could hardly be transferred from corpora allata as JH-acid through haemolymph and transformed into the biologically active hormone in the colleterial glands, which never release their excretory products into the blood; 5. Development of reproductive organs of nonfeeding adults of Cecropia silkworms was terminated long before adult emergence indicating no need for involvement of hormone from the corpora allata; 6. JH-I and Vitamin E become depleted from the lumen of the colleterial glands during courtship, suggesting that JH-I fulfills some important physiological functions in the female reproductive system; 7. Corpora allata never produce JH in a nonfeeding stage, such as are adult silkworms; 8. Accumulation of JH-I in the lumen of the male colleterial glands is in conflict with animal hormones, which never accumulate in their peripheral targets; 9. Hormones released from the central neuroendocrine system (neurosecretory cells, corpora cardiaca, corpora allata) have superordinated, epigenetic function over the peripheral genes (reviewed by Sláma, 2013) ; their functions cannot be disturbed by enzymes (e.g. esterase) or subordinated genes (e.g. Met) of the peripheral target cells. These points reflect the basic problems of JH-I identity, which could hardly be altered by increasing the number of investigated specimens. According to the above described results and discussions, the physiological status of JH-I does not fit the definition of an animal hormone. A hormone is secreted into circulating blood by highly specialized endocrine glands that are used to regulate growth or metabolism in the distant tissue or organs (Hanc, 1959; Gersch, 1964) . Our results show that JH-I produced and released into the lumen of an exocrine colleterial gland, represents excretory product which is never released into the haemolymph.
Long before isolation of JH-I from lipid extracts and identification of its chemical structure (Rőller and Bjerke, 1965; Rőller et al., 1967) , we expressed serious endocrinological arguments against the corpus allatum nature of the Cecropia extracts. The doubts were later increased by the discovery of false juvenile, or JH-mimetic effects of the lipid extracts (Sláma, 1961 (Sláma, , 1962 ) from microorganisms, plants, various vertebrate organs and even from ordinary cream (reviews by Schneiderman and Gilbert, 1964; Sláma et al., 1 974) . During the rush for JH analogues (1970 to 1990; reviews by Sláma, 1985 Sláma, , 1999 Sláma et al., 1974) , the arguments against the belief that JH-I was the true corpus allatum hormone were further increased by recognition that certain man-made peptidic analogues of JH were more than million-fold more active than JH-I, which was notoriously believed to be the true JH (Sláma, 1999; Sláma et al., 1974) .
The most recent reviews on insect JH still propagate the original, 50-yearold concepts in statements like: "The juvenile hormones of insects are sesquiterpenoid molecules secreted by the corpora allata" (Devillers, 2013b) , as well as by similar statements that can be found in a number of textbooks and review articles (Nijhout, 1884 , Klowden, 2007 Gilbert, 2009; Riddiford, 1996 Riddiford, , 2008 Riddiford, , 2012 Jindra et al., 2013; Devillers, 2013a,b) . Existence of more than 4000 sesquiterpenoid and other JH mimics (Sláma, 1999) and those described here, exocrine, not endocrine, nature of JH-I, point out that the old dogmatic views on the nature and mode of action of insect corpus allatum hormone need to be carefully reinvestigated (Sláma, 2013) .
